Fibulin-5, an extracellular matrix glycoprotein expressed in elastin-rich tissues, regulates vascular cell behaviour and elastic fibre deposition. Recombinant full-length human fibulin-5 supported primary human aortic SMC (smooth-muscle cell) attachment through α5β1 and α4β1 integrins. Cells on fibulin-5 spread poorly and displayed prominent membrane ruffles but no stress fibres or focal adhesions, unlike cells on fibronectin that also binds these integrins. Cell migration and proliferation were significantly lower on fibulin-5 than on fibronectin. Treatment of cells on fibulin-5 with a β1 integrin-activating antibody induced stress fibres, increased attachment, migration and proliferation, and stimulated signalling of epidermal growth factor receptor and platelet-derived growth factor receptors α and β. Fibulin-5 also modulated fibronectin-mediated cell spreading and morphology. We have thus identified the β1 integrins on primary SMCs that fibulin-5 interacts with, and have shown that failure of fibulin-5 to activate these receptors limits cell spreading, migration and proliferation.
INTRODUCTION
Fibulins are widely expressed ECM (extracellular matrix) glycoproteins that are associated with elastic fibres and basement membranes [1, 2] . They function as molecular 'bridges' that participate in the assembly, organization and stabilization of supramolecular ECM complexes, and play important roles in organogenesis, vasculogenesis and tumorigenesis. Fibulins comprise a family of six glycoproteins that are defined by a common Cterminal FC (fibulin-type) globular domain preceded by a tandem array of cbEGF [calcium-binding EGF (epidermal growth factor)]-like domains ( Figure 1A ). Fibulin-5, a 55-kDa glycoprotein, is expressed in elastin-rich tissues, such as aorta, skin, lung and uterus, and in adult heart, ovary and colon [3, 4] . In the vasculature, it localizes on elastic lamina surfaces adjacent to endothelial cells, and throughout the aortic media [5] . Its expression is down-regulated in adult arteries, but is induced in vascular cells following injury, in atherosclerotic cells and in neointimal cells following balloon angioplasty [3] .
The critical contribution of fibulin-5 to elastic tissue integrity is highlighted by serious aberrations caused by mutations in the fibulin-5 gene that result in age-related macular degeneration [6] [7] [8] and recessive cutis laxa [9] [10] [11] [12] [13] . Fibulin-5-null mice exhibited severe elastic fibre disorganization, resulting in tortuous aorta with loss of compliance, loose skin and emphysematous lung [5, 14, 15] . Fibulin-5 plays an important role in elastic fibre formation [5, 14, 16] , and interacts with the elastic fibre molecules tropoelastin and fibrillin-1 [5, [17] [18] [19] [20] .
Fibulin-5 supports attachment of HUVECs (human umbilicalvein endothelial cells) in an RGD-dependent manner [4, 14] . CHO cells (Chinese-hamster ovary cells) transfected with α9 or β3 integrin subunits adhered to a bacterially expressed N-terminal fibulin-5 RGD-containing fragment through integrins αvβ3, αvβ5 and α9β1 [4, 14] . Fibulin-5-null mice have an exaggerated vascular remodelling response, with severe neointima formation and thickened adventitia, while SMCs (smooth-muscle cells) isolated from these mice have enhanced proliferative and migratory responses to PDGF (platelet-derived growth factor)-BB, a potent vascular mitogen and chemoattractant [21] . Skin fibroblasts from wild-type and fibulin-5-null mice showed no significant differences in proliferative or migratory responses to EGF [15] . Fibulin-5 enhances endothelial cell attachment to artificial surfaces under shear stress [22] .
We have determined how human fibulin-5, recombinantly expressed by human cells, supports the passive adhesion of SMCs, through integrins α5β1 and α4β1, but fails to stimulate their migration and proliferation. Although fibulin-5 ligates the same integrins as fibronectin, it exerts profoundly different cellular effects.
Figure 1 Characterization of recombinant human fibulin-5
(A) Domain organization of recombinant full-length fibulin-5 and fragments. (B) SDS/PAGE analysis of nickel affinity-purified recombinant full-length fibulin-5, and fragments. Full-length fibulin-5 is shown under (i) non-reducing or (ii) reducing conditions, and fragments 1, 2 and 3 under non-reducing conditions. M indicates molecular-mass markers (sizes in kDa).
gifts from Professor Martin Humphries (Wellcome Trust Centre for Cell-Matrix Research, Manchester, U.K.). Inhibitory mouse anti-(human αvβ3 integrin) mAb (LM609) was from Chemicon (Temecula, CA, U.S.A.). Inhibitory mouse anti-(human integrin α4) mAb (HP2/1), mouse anti-(human integrin β1 subunit) mAb (4B4) and mouse anti-(human integrin α9β1) mAb (Y9A2) were from Serotec (Kidlington, Oxford, U.K.). Mouse antipolyhistidine mAb (AD1.1.10) was from R&D Systems Europe. Mouse anti-(human paxillin) mAb (5H11) and mouse anti-(human α-actinin) mAb (AT6/172) were from Upstate Biotechnology (Milton Keynes, U.K.). Mouse IgG1 (negative control) was from Dako UK (Ely, Cambs., U.K.).
FITC-conjugated rabbit anti-(mouse IgG) secondary antibody, FITC-conjugated goat anti-(rat IgG) secondary antibody, normal mouse IgG and normal rat IgG, used for flow cytometry, were obtained from Jackson ImmunoResearch Laboratories (Avondale, PA, U.S.A.). FITC-conjugated rabbit anti-(mouse IgG) secondary antibody, goat FITC-conjugated anti-(rabbit IgG) secondary antibody, FITC-conjugated goat anti-(mouse IgG) secondary antibody, HRP (horseradish peroxidase)-conjugated rabbit anti-(mouse IgG) secondary antibody, HRP-conjugated goat anti-rabbit secondary antibody, HRP-conjugated goat anti-mouse secondary antibody were from Dako UK. Rhodamine-conjugated phalloidin was from Invitrogen (Paisley, Renfrewshire, Scotland, U.K.). Human serum was from Sigma-Aldrich. All mAbs were used as purified IgG.
Fibronectin and fragments
Human plasma fibronectin was obtained from Chemicon. 
Other materials
Dulbecco's PBS containing calcium and magnesium (DPBS + ) and Dulbecco's PBS without calcium and magnesium (DPBS − ), DMEM (Dulbecco's modified Eagle's medium) high glucose (4.5 g/l) with Hepes (6.0 g/l) (DMEM/Hepes), and DMEM with L-glutamine (0.6 g/l) (DMEM) were obtained from Cambrex Bio Science. GRGDS and SDGRG synthetic peptides were from Sigma-Aldrich. Microplates (6-, 24-and 96-well) were from Corning (Schiphol-Rijk, The Netherlands). Vectashield ® containing DAPI (4 ,6-diamidino-2-phenylindole) was from Vector Laboratories (Peterborough, U.K.). PDGF-BB was from R&D Systems Europe. Hi-Trap nickel columns were from GE Healthcare (Chalfont St Giles, Bucks, U.K.). All other reagents were from Sigma-Aldrich unless otherwise stated.
Expression of recombinant human fibulin-5
Recombinant human fibulin-5 was expressed using the mammalian episomal expression system pCEP-His and 293E cells, as previously described [18] (Figure 1 ). Full-length recombinant fibulin-5, an N-terminal fragment (residues 27-69), the Nterminal half (residues 27-206) and the C-terminal half of the molecule (residues 206-448) ( Figure 1A ) were purified by nickel chromatography, and monitored by SDS/PAGE and sizefractionation chromatography. Full-length fibulin-5 (and fragments) was shown to be monomeric on SDS/PAGE in the presence or absence of 10 mM dithiothreitol ( Figure 1B) and by size-fractionation on Superdex 200 HR 10/30 columns, was N-glycosylated as shown by increased electrophoretic mobility after PNGase F (peptide N-glycosidase F) treatment, and bound calcium as judged by an electrophoretic shift following EDTA treatment (results not shown).
ELISAs of protein coating of cell culture plates
Efficient coating of wells with fibulin-5 and fibronectin was confirmed using a published ELISA protocol [25] . Briefly, recombinant fibulin-5, fibulin-5 fragments or fibronectin, diluted to 10-400 nM in DPBS + , were adsorbed on to wells of 96-well microplates overnight at 4
• C. Non-specific binding was blocked with BSA. Bound protein was detected using 100 µl of primary antibody [anti-(human fibulin-5) mAb or anti-(human fibronectin) mAb] at 2 µg/ml in BSA block, followed by washing with DPBS + , addition of 100 µl of secondary antibody [HRP-conjugated goat anti-mouse (1 µg/ml) or goat anti-rabbit ( 
Cell attachment assays
Cell attachment assays were performed according to well-defined methodologies [26] . Recombinant full-length fibulin-5 or fibulin-5 fragments were diluted to 10-400 nM in DPBS + , and adsorbed on to wells of 96-well microplates overnight at 4
• C. Non-specific binding was blocked with 10 mg/ml heat-denatured BSA for 1 h. BSA was aspirated, and 100 µl of human aortic SMC suspensions (5 × 10 5 cells/ml) was added to the wells and incubated for 45 min at 37
• C under 5 % (v/v) CO 2 . To estimate the number of adherent cells, known numbers of cells were added to unblocked wells and fixed with 10 µl of 50 % glutaraldehyde. Adherent cells were fixed by the addition of 100 µl of 5 % glutaraldehyde for 20 min. Wells were washed three times with 200 µl of distilled water, and cells were stained with 100 µl of 0.1% (w/v) Crystal Violet in 0.2 M Mes buffer (pH 5) for 1 h. Dye taken up by cells was solubilized in 100 µl of 10% (v/v) acetic acid, and absorbance was measured at 570 nm. Absorbance from wells containing the known cell number was used to express results as percentage cell attachment.
Fibronectin supports integrin-mediated cell attachment through interaction of its RGD motif in the tenth type III repeat [25, 27, 28] . Human plasma fibronectin diluted to 10-400 nM in DPBS + was used as a positive control.
To examine the effects of exogenous agents (antibodies, EDTA, bivalent cations or synthetic peptides) on attachment, 50 µl of 2 × exogenous agent in DPBS − (for cations) or DMEM/Hepes (for antibodies, EDTA and synthetic peptides), followed by 50 µl of 2× cells were added to the wells. As controls for examining the effects of exogenous agents, 50 µl of DPBS − or DMEM/Hepes followed by 50 µl of 2× cells were added to control wells. Results are presented as the means + − S.D. for three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). Results are statistically significant when the P value is < 0.05 ( * P < 0.05, * * P < 0.001 and * * * P < 0.0001).
Cell spreading assays
Wells of 96-well microplates were ligand-coated and BSAblocked as for cell attachment assays. Trypsinized SMC suspensions were adjusted to 2 × 10 5 cells/ml with warm DMEM/ Hepes gassed with 5-10 % CO 2 . Then 100 µl aliquots of cells were added to wells. As negative controls, cells were added to uncoated BSA-blocked wells. Plates were incubated for 40 min at 37
• C in a 5% CO 2 incubator with the lid removed. Cells were immediately fixed by the addition of 10 µl of 37% formaldehyde directly to the well for 20 min. Level of cell spreading was determined by phase-contrast microscopy in three randomly selected fields for each condition. Cells were spread when 'phase-dark' with visible nuclei, but unspread when rounded and 'phase-bright'. Results are presented as the means + − S.D. for three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). Results are statistically significant when the P value is < 0.05 ( * P < 0.05, * * P < 0.001 and * * * P < 0.0001).
Flow cytometry
Cell suspensions were prepared by washing confluent cultured cell layers with DPBS − and incubating with 1 ml of 5 mM EDTA in HBSS/10 cm 2 flask area at 37
• C for no more than 30 min, diluting with 5 vol. of DMEM/Hepes containing 10 % (v/v) FBS (fetal bovine serum), and harvesting by centrifugation at 800 g for 5 min. Cell pellets were resuspended in supplemented DMEM/Hepes gassed with 5 % CO 2 to a cell density of 1 × 10 7 cell/ml. Then 50 µl aliquots of cells were mixed in FACS tubes with 50 µl of the primary antibody diluted to 20 µg/ml in DPBS − containing 0.02 % (w/v) sodium azide (final antibody concentration of 10 µg/ml), incubated on ice for 45 min, washed with DPBS − containing 1 % FBS and then harvested by centrifugation at 800 g for 5 min. Cell pellets were resuspended in 50 µl of DPBS − containing FITC-conjugated goat anti-mouse or goat anti-rat secondary antibody diluted 1 in 50 in DPBS − containing 10 % (v/v) human serum. After incubation on ice for 45 min, the cells were washed twice with 300 µl of DPBS − containing 1 % FBS, then once with 300 µl of DPBS − , and harvested by centrifugation at 800 g for 5 min. The cell pellets were resuspended in 400 µl of DPBS − , and 20 000 cells were counted using a Cyan flow cytometer (DakoCytomation, Glostrup, Denmark), at a flow rate of less than 200 events/s and a λ ex of 488 nm (530/40 bandpass filter).
Immunofluorescence analysis of attached cells
Using standard protocols [26] , SMCs plated for 3 h on full-length fibulin-5 or fibronectin (each 250 nM), or a combination of fulllength fibulin-5 and fibronectin at concentrations indicated, were dual-stained with rhodamine-conjugated phalloidin to stain Factin (filamentous actin) stress fibres, and either an mAb against the focal-adhesion-associated protein paxillin or an mAb against α-actinin that cross-links stress fibres and displays a periodic distribution.
Briefly, coverslips were coated with 500 µl of recombinant fulllength fibulin-5 or fibronectin at 250 nM in DPBS + overnight at 4
• C, washed using 1 ml/well of 10 mg/ml heat-denatured BSA in DPBS + and then 500 µl of cell suspensions (2 × 10 4 cells/ml) was added to each well. Plates were incubated for 3 h at 37
• C in a 5 % CO 2 incubator; then cells were fixed by the addition of 45 µl of 37% formaldehyde and then permeabilized in 500 µl of 0.5 % (v/v) Triton-X 100 for 4 min. After washing, wells were blocked with 5 % (w/v) BSA. Then 500 µl of primary antibody [anti-(human paxillin) mAb, anti-(human α-actinin) mAb or mouse IgG1] diluted to 10 µg/ml in BSA block was added to each well and incubated for 1 h at 20
• C. After washing with DPBS + , 500 µl of secondary antibody [FITC-conjugated rabbit anti-mouse (400 µg/ml) or goat anti-rat (10 µg/ml)] together with rhodamine-conjugated phalloidin (0.1 unit/ml) was added to each well for 30 min at 20
• C, and the wells were washed further with DPBS + . Inverted coverslips were mounted on glass slips using Vectashield ® containing DAPI, and viewed using a Leica DM RXA widefield immunofluorescence microscope.
To examine the effects of exogenous agents on SMC cytoskeletal organization on fibulin-5, exogenous agents, including heparin-binding fragments of fibronectin (H0 or H120) [23] , PDGF-BB (10 ng/ml) and antibodies (10 µg/ml) were added at the time of plating.
Cell proliferation
Ninety-six-well microplates were coated with full-length fibulin-5 or plasma fibronectin at 250 nM overnight at 4
• C. Following 24 h serum-free incubation, SMCs were trypsinized, plated at 2 × 10 3 cells/well and cultured for 1, 2, 3 or 6 days in culture. Cell numbers were quantified by using the CyQuant ® cell proliferation assay kit (Invitrogen) according to the manufacturer's protocol. Briefly, frozen samples were thawed at room temperature (20 • C), and 200 µl of the CyQuant ® GR dye/cell-lysis buffer was added to each sample well. Samples were mixed briefly and incubated for 2-5 min at 20
• C, protected from light. Sample fluorescence was measured by using a fluorescence microplate reader with filters appropriate for ∼ 480 nm excitation and ∼ 520 nm emission maxima. Absolute cell numbers were determined using a standard curve with cell numbers from 500 to 50 000 in 200 µl volumes/well. As a negative control, 200 µl of medium was added to a well without cells. All assays were performed in triplicate and were repeated at least twice to confirm observed results. To determine the effect of the β1 integrin subunit-activating antibody (TS2/16) and PDGF-BB on cell proliferation, TS2/16 (10 µg/ml) or PDGF-BB (10 ng/ml) was added to sample wells and refreshed daily. Results are presented as the means + − S.D. for three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). Results are statistically significant when the P value is < 0.05 ( * P < 0.05, * * P < 0.001 and * * * P < 0.0001).
Migration assay
For video microscopy analysis of cell migration in real time, wells of a 24-well microplate were coated with either fibulin-5 or fibronectin at 250 nM in DPBS + overnight at 4
• C, and were blocked with 10 mg/ml heat-denatured BSA for 1 h at 20
• C. Adhered SMCs were trypsinized, neutralized, seeded at confluence (5 × 10 4 cells/well) and incubated at 37
• C in a 5% CO 2 incubator for up to 6 h, until a confluent monolayer was formed. Cells were serum-starved overnight and washed twice with serum-free DMEM before wounding with a sterile P10 pipette tip. Immunofluorescence analysis confirmed retention of bound ligands [25] . The effect of exogenous agents on cell migration [inhibitory integrin mAbs (anti-α4 (HP2/1), anti-α5 (mAb16) or anti-β1 (mAb13), an activating integrin β1 mAb (TS2/16) or PDGF-BB] was assessed by adding the exogenous agent (mAbs at 10 µg/ml or PDGF-BB at 10 ng/ml) at the time of wounding. Images were acquired every 15 min over a period of 20 h using a Leica AS MDW microscope with an integrated digital camera, and organized into time-lapse movies using ImageJ software. The number of cells that had migrated into the cleared wound was quantified every 60 min.
RTK (receptor tyrosine kinase) phosphorylation assay
Relative levels of tyrosine phosphorylation of RTKs on SMCs seeded for 90 min on fibronectin-and fibulin-5-coated wells (500 nM overnight at 4
• C) were determined by using the Proteome Profiler TM Human Phospho-RTK Array kit (R&D Systems Europe) according to the manufacturer's protocol and as we have previously reported [29] . Adhered cells were lysed in 1 ml of ice-cold NP40 lysis buffer [20 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 % Nonidet P40, 10 % (v/v) glycerol, 2.5 mM EDTA, 100 µM Na 3 VO 4 , 1 % aprotinin, 1 % leupeptin and 1 mM PMSF]. Total protein in each lysate was quantified using a BCA (bicinchoninic acid) assay kit (Pierce Biotechnology, Rockford, IL, U.S.A.). Total protein (100 µg) for each lysate (diluted to 1.5 ml with array buffer 1 supplied by the manufacturer) was added to a blocked (1.5 ml of array buffer 1, 1 h at 20
• C) array and incubated on a rocking platform shaker overnight at 4
• C. Each array was washed three times for 10 min with 30 ml of 1 × wash buffer (supplied by the manufacturer). Then 1.5 ml of HRPconjugated anti-phosphotyrosine detection antibody (1:3000) was added to each array and incubated on a rocking platform shaker for 2 h at 20
• C. Following a further three washes (10 min with 30 ml of 1 × wash buffer), each array was exposed to ECL ® (enhanced chemiluminescence) reagents (GE Healthcare) and to an X-ray film. All densitometry data were normalized to positive controls.
RESULTS

SMC adhesion to fibulin-5
SMC adhesion and spreading on fibulin-5
Immobilized full-length human fibulin-5 supported adhesion of SMCs in a concentration-dependent manner. Maximal attachment (58 %) was at a fibulin-5 plating concentration of 200 nM (Figure 2A) . Immobilized human plasma fibronectin, used as a positive control, supported 70 % SMC attachment at 200 nM. BSA-blocked wells, as a negative control, supported 18 % SMC attachment. The C-terminal 'half' of fibulin-5 (fragment 3) and the RGD-containing N-terminal cbEGF-like domain (fragment 1) (see Figure 1A ) supported much lower SMC adhesion (37 and 34 % at 400 nM respectively). The N-terminal 'half' of fibulin-5 (fragment 2) (see Figure 1A ) supported higher attachment than full-length fibulin-5 (63 % attachment at 100 nM). A high percentage of SMCs showed spreading on full-length fibulin-5 (72 %) and on fragment 2 (85 %) at 200 nM, but many fewer cells spread on fragments 1 and 3 ( Figure 2B ). SMCs on BSAblocked wells, used as a negative control, did not spread. Fulllength fibulin-5 was used in all subsequent experiments.
SMC attachment to fibulin-5 is through integrins SMC adhesion to fibulin-5 was bivalent-cation-dependent in a concentration-dependent manner. The bivalent cation chelator EDTA inhibited cell attachment, and Mn 2+ or Mg 2+ promoted attachment, but Ca 2+ failed to stimulate attachment (results not shown). Pre-incubation of SMCs with the synthetic peptide GRGDS virtually ablated adhesion to full-length fibulin-5 ( * * P < 0.001 compared with untreated SMCs on fibulin-5) ( Figure 2C ). Pre-incubation with the control peptide SDGRG showed no significant inhibition of cell attachment (P = 0.059 compared with untreated SMCs on fibulin-5). Thus cell adhesion to fibulin-5 is mediated by integrins.
The integrin receptors that mediate SMC adhesion and spreading on fibulin-5 were identified using function-blocking mAbs ( Figures 3A and 3C ). Human plasma fibronectin, which interacts with α5β1, α4β1 and αvβ3 [30] [31] [32] , was included as a control ( Figures 3B and 3D) . SMC adhesion to fibulin-5 was blocked by two function-blocking antibodies to the β1 subunit (mAb13 and 4B4) ( * * * P < 0.0001 for both, each compared with untreated SMCs on fibulin-5). Antibodies to α5 (mAb16) and α4 (HP2/1) reduced cell adhesion ( * * P < 0.001 for both, each compared with untreated SMCs on fibulin-5). The LM609 antibody to integrin αvβ3 showed no inhibition (P = 0.9282, compared with untreated SMCs on fibulin-5). An antibody to α9β1 (Y9A2) failed to significantly inhibit adhesion (P = 0.2730 compared with untreated SMCs on fibulin-5). Antibodies to α2 (JA218) and to a non-inhibitory α1 antibody (8E3) also did not inhibit adhesion significantly (P = 0.4021 and 0.4215 respectively, each compared with untreated SMCs on fibulin-5). SMC spreading on fibulin-5 was significantly blocked by antibodies to β1, α5 and α4 integrin subunits ( * * P < 0.001, * P < 0.05 and * * P < 0.001 respectively, each compared with untreated SMCs on fibulin-5). The α9β1 antibody (Y9A2), the αvβ3 antibody (LM609) and the β1 antibody (8E3) all showed small inhibitory effects on cell spreading. The presence of α5β1, α4β1 and α2β1, as well as αvβ3 and αvβ5, was confirmed using flow cytometry, but no expression of integrin α9β1 was detected ( Figure 3E ). Together, these results show that primary SMCs bind and spread on fibulin-5 through α5β1 and α4β1 integrins.
To assess the contributions of integrins α5β1 and α4β1 to cell shape on fibulin-5, the effects of β1, α5 and α4 function-blocking mAbs were examined ( Figure 3F ). The anti-β1 antibody (mAb13)
Figure 2 Attachment and spreading of SMCs on fibulin-5
Attachment (A) and spreading (B) of SMCs on full-length fibulin-5 (diamonds, black dotted line), fragment 1 (triangles, grey dashed line), fragment 2 (small boxes, black dashed line), fragment 3 (ovals, grey dotted line), and human plasma fibronectin (rectangles, solid black line). Background cell adhesion and spreading on BSA-coated wells is also shown as grey, large dashed lines. Results are means+ − S.D. for the three experiments. (C) Inhibition of SMC attachment to 250 nM full-length fibulin-5 by synthetic GRGDS peptide (500 µg/ml). Synthetic SDGRG peptide (500 µg/ml) was used as a negative control. Bar 0 indicates cell attachment to 250 nm full-length fibulin-5 in the absence of peptide. BSA indicates background cell attachment to BSA-blocked wells. Pre-incubation of SMCs with the synthetic peptide GRGDS virtually ablated adhesion to full-length fibulin-5 ( * * P < 0.001 compared with untreated SMCs on fibulin-5). Pre-incubation with the control peptide SDGRG showed no inhibition of cell attachment (P = 0.059 compared with untreated SMCs on fibulin-5).
caused loss of cell attachment, with the few remaining cells rounded. The anti-α5 (mAb16) and anti-α4 (HP2/1) antibodies each led to cellular rounding and loss of lamellipodia. We also investigated potential contributions of αvβ3 and αvβ5, since αv has been shown to support CHO cell adhesion to fibulin-5 [4, 14] . However, the anti-αvβ3 and anti-αvβ5 inhibitory antibodies had no discernable effect on cytoskeletal organization. These results confirm that α5β1 and α4β1 support SMC spreading on fibulin-5.
Fibronectin activates α5β1, which acts in synergy with syndecan-4 to stimulate robust stress fibres and focal adhesions [33] [34] [35] . We found that fibulin-5 does not bind heparin [18] , but since fibulin-5 does interact with α5β1, we investigated whether fibronectin fragments (H0 or H120) which activate syndecan-4 on fibronectin [24] , could also regulate the SMC cytoskeleton of cells plated on fibulin-5. However, they did not induce stress fibres or focal adhesions (results not shown), as would have occurred if α5β1 had been activated. Thus, when cells are plated on fibulin-5, α5β1 does not synergize with syndecan-4.
Cellular phenotype of SMCs on fibulin-5
Morphology of SMCs on fibulin-5
Phase-contrast microscopy revealed profound differences in SMC morphology on fibulin-5, compared with fibronectin ( Figure 4A ). SMCs on fibronectin were flattened and well spread. However, SMCs on fibulin-5 were smaller and less flattened, with bright centres and numerous membrane ruffles that extended in multiple directions.
Immunofluorescence microscopy of the SMC cytoskeleton on fibulin-5 showed that there were no stress fibres or focal adhesions. Actin staining was diffuse throughout the cell, and α-actinin localized within the cell and prominently at the periphery in membrane ruffles ( Figure 4B ). Paxillin immunostaining was mainly diffuse in the cytoplasm, with some localization at membrane ruffles. In contrast, SMCs on fibronectin contained numerous actin stress fibres, with punctate paxillin staining of focal adhesions at tips of actin stress fibres and filamentous α-actinin staining. Cells on BSA-blocked coverslips had not spread by 3 h and had no organized actin cytoskeleton (results not shown). No FITC fluorescence was detectable in mouse IgG negative controls ( Figure 2D ).
Effects of fibulin-5 on SMC proliferation and migration
To investigate whether SMC adhesion to fibulin-5 influences proliferation, cells (2 × 10 3 /well) plated on 250 nM fibulin-5 or fibronectin were quantified at 1, 2 and 6 days. SMCs on fibulin-5 proliferated significantly less than cells on fibronectin ( Figure 5A ). To establish whether SMC adhesion to fibulin-5 influences migration, cells were plated at confluence on 250 nM of fibulin-5 or fibronectin. The confluent monolayer was wounded, and the closure of the wound was monitored by live-cell imaging microscopy for 24 h. SMCs migrated less on fibulin-5 than on fibronectin ( Figure 5B ). Integrin-neutralizing anti-α5, -β1 and -α4 antibodies all inhibited SMC migration on fibulin-5 ( Figure 5C ), with the anti-α5 and anti-β1 antibodies most inhibitory, implicating α5β1 in SMC migration on fibulin-5.
Effects of fibulin-5 on fibronectin-mediated cell spreading
Fibulin-5 and fibronectin both ligate α4β1 and α5β1, so the possibility that fibulin-5 modulates fibronectin-mediated spread cell organization was investigated (Figure 6 ). At high fibronectin/ fibulin-5 levels, cells were well spread with organized actin stress fibres and focal adhesions. At equimolar and lower fibronectin/fibulin-5 ratios, cells were smaller, had reduced or no stress fibres and focal adhesions, and membrane ruffles were increasingly apparent. No FITC fluorescence was detectable D) . Y9A2 is an inhibitory α9β1 antibody, mAb13 and 4B4 are both inhibitory anti-β1 antibodies, 8E3 is a non-inhibitory anti-αβ1 antibody, mAb16 is an inhibitory anti-α5 antibody, HP2/1 is an inhibitory α4β1 antibody, LM609 is an inhibitory anti-αVβ3 antibody, and JA218 is an inhibitory anti-α2 antibody. Antibodies were used at 10 µg/ml. BSA indicates background cell attachment to BSA-blocked wells. Results are presented as the means+ − S.D. for three repeated experiments and were statistically analysed using unpaired Student's t tests (GraphPad Prism 2.0). Results are statistically significant when the P value is < 0.05 ( * P < 0.05, * * P < 0.001 and * * * P < 0.0001). SMC adhesion to fibulin-5 was blocked by the β1 function-blocking antibodies, mAb13 and 4B4 ( * * * P < 0.0001 for both, each compared with untreated SMCs on fibulin-5). The α5 (mAb16) and α4 (HP2/1) antibodies reduced cell adhesion ( * * P < 0.001 for both, each compared with untreated SMCs on fibulin-5). The LM609 antibody to integrin αvβ3 showed no inhibition (P = 0.9282 compared with untreated SMCs on fibulin-5). Antibodies to α9β1 (Y9A2), α2 (JA218) and the non-inhibitory β1 mAb (8E3) all failed to significantly inhibit adhesion (P = 0.2730, P = 0.4021 and P = 0.4215 respectively, each compared with untreated SMCs on fibulin-5). SMC spreading on fibulin-5 was also significantly blocked by antibodies to β1, α5 and α4 integrin subunits ( Figure 4C ) ( * * * P < 0.0001, * P < 0.05 and * * P < 0.001 respectively, each compared with untreated SMCs on fibulin-5). All assays were repeated at least three times, and a representative experiment is shown. (E) FACS detection of SMC cell-surface integrins using the anti-α2 antibody JA218 (iii), anti-α4 antibody HP2/1 (iv), anti-α5 antibody mAb16 (v), anti-α9β1 antibody Y9A2 (vi), anti-αvβ3 antibody LM609 (vii), anti-αvβ5 antibody P1F6 (viii), and anti-β1 antibody 8E3 (ix). Anti-(mouse IgG) antibody (i) and anti-(rat IgG) antibody (ii) were used as negative controls. Antibodies were used at 10 µg/ml. Each integrin detection peak (green) is overlaid with the appropriate IgG negative control (black). (F) Immunofluorescence images of mAb effects on SMC morphology on 250 nM full-length fibulin-5 (i, iii, v, vii, ix and xi) or fibronectin (ii, iv, vi, viii, x and xii) stained for phalloidin (red), and immunostained for the cytoskeletal component, paxillin (green). mAbs to integrin subunits α4 (iii and iv), α5 (v and vi) and β1 (vii and viii), and integrins αvβ3 (ix and x) and αvβ5 (xi and xii) were added (10 µg/ml) at the time of cell seeding. SMCs on full-length fibulin-5 or fibronectin with no antibody (i and ii) were used as negative controls. The anti-β1 mAbs caused cellular rounding and loss of lamellipodia. Images are shown at × 20 (i, iii, v, vii, ix and xi) and × 40 (ii, iv, vi, viii, x and xii; and insets) magnifications for each condition.
in mouse IgG negative controls (results not shown). These results show that, in vascular sites with elevated fibulin-5/fibronectin levels, fibulin-5 will directly inhibit fibronectinmediated spreading, migration and proliferation.
Effects of β1 integrin-activating antibody TS2/16 on SMCs on fibulin-5
Since SMCs bind to fibulin-5 through β1 integrins, but exhibit different adhesive, spreading, proliferative and migratory responses to SMCs on fibronectin, we investigated the effects of the β1 integrin activating mAb TS2/16 ( Figure 6 ). Treatment of SMCs with TS2/16 stimulated spreading and stress fibre formation ( Figure 7A ). In addition, there was a significant increase in SMC attachment ( Figure 7B ) ( * * P < 0.001 compared with untreated SMCs on fibulin-5), and in proliferation ( Figure 7C ) ( * * * P < 0.0001 compared with untreated SMCs on fibulin-5). Addition of TS2/16 at the time of wounding also increased cell migration on fibulin-5 ( Figure 6D ).
Growth factor receptor signalling by SMCs on fibulin-5
PDGF-BB is a potent vascular mitogen and chemoattractant that stimulates enhanced proliferation and migration in fibulin-5-null murine SMCs [21] . However, skin fibroblasts from the wildtype and fibulin-5-null mice showed no significant differences in proliferative or migratory responses to EGF [15] . PDGFRα (PDGF receptor α) and PDGFRβ, and EGF receptors are RTKs, and integrins can influence their signalling [36, 37] . We investigated whether SMCs exhibited altered RTK activity when plated on full-length fibulin-5, compared with fibronectin, using a human phospho-RTK array containing 42 different duplicate RTK phosphorylation antibody spots, which allows relative quantification of RTK phosphorylation (Figure 8 ). There was undetectable PDGFR signalling and only low EGF signalling activity in SMCs on fibulin-5, compared with cells on fibronectin. However, signalling through both PDGFRs, especially PDGFRα, and through an EGF receptor, were stimulated by TS2/16. (A) Phase-contrast microscopy of SMC spreading on (i) BSA-coated wells, (ii) 250 nM full-length fibulin-5, or (iii) 250 nM human plasma fibronectin. The level of cell spreading was determined by phase-contrast microscopy in three randomly selected fields for each condition. All images are at × 10 magnification, apart from × 20 enlargements in (ii and iii). (B) Immunofluorescence images of SMC spread on full-length fibulin-5 (i-iii, vii-ix and xiii-xv) and fibronectin (iv-vi, x-xii and xvi-xviii). Cells were immunostained for cytoskeletal components paxillin or α-actinin, as indicated, and all were stained with phalloidin for actin stress fibres. Anti-(mouse IgG) primary antibody was a negative control ('no 1 • ab') (xiv and xvii). Cells plated on BSA-blocked coverslips had not spread by 3 h and did not have an organized actin cytoskeleton (results not shown). All images are at × 40 magnification.
DISCUSSION
The importance of fibulin-5 in vascular tissue structure and function has been clearly demonstrated in mouse and disease studies [4, [9] [10] [11] [12] [13] [14] 17] . However, precisely how it interacts with SMCs and influences their phenotype and elastic fibre formation remains unclear. In the present study, we investigated how fibulin-5 interacts with primary human SMCs, and how these interactions regulate their behaviour. These cells adhere to fibulin-5 through integrin receptors α5β1 and α4β1, yet show only modest spreading with a ruffled morphology, and low migration and proliferation due to passive ligation of β1 integrins. Thus, although fibulin-5 ligates the same integrins as fibronectin, it exerts profoundly different cellular effects and can also modulate fibronectin-mediated adhesion and spreading. These results provide a molecular explanation for how fibulin-5 inhibits SMC migration and proliferation in vivo. Moreover, these fibulin-5 interactions with integrins may be important in vascular elastic fibre deposition [16] .
Using recombinant human fibulin-5 expressed by human cells to ensure correct folding and glycosylation, we have identified Immunofluorescence analysis of the effects on SMC spreading of co-plating wells at a range of fibronectin/fibulin-5 ratios (FN:F5) as indicated, all shown at × 20 magnification. At high fibronectin/fibulin-5 levels, cells were well spread with organized actin stress fibres and focal adhesions. At equimolar and lower fibronectin/fibulin-5 ratios, cells were smaller, had reduced or no stress fibres and focal adhesions, and membrane ruffles were increasingly apparent. Left-hand-side micrographs, phalloidin staining for actin; right-hand-side micrographs, paxillin immunostaining.
integrins α5β1 and α4β1 as the main receptors supporting primary SMC adhesion and spreading on fibulin-5. A previous study, using a bacterially expressed N-terminal region of fibulin-5 with CHO cells and CHO cell lines stably transfected with α9 and β3, reported that fibulin-5 supported cell attachment through integrins αvβ3, αvβ5 and α9β1 [14] . These differences probably reflect the different cell types used. For example, FACS analysis of our primary SMCs did not detect integrin α9β1.
Integrin α5β1 ligation to fibronectin involves binding to its RGD motif within the central cell-binding domain and to an upstream synergy site (PHSRN) that stabilizes α5β1 in an active conformation [38] . Fibulin-5 has no such synergy sequence. Moreover, the fibulin-5 RGD motif is within an atypical cbEGFlike domain, and its accessibility may be suboptimal for activating β1 integrins. The integrin-activating antibody TS2/16 may exert its effects on fibulin-5 by inducing and stabilizing α5β1 in a highaffinity conformation. Structural studies are now needed to clarify how β1 integrins bind fibulin-5. Comparison of SMC adhesion to full-length fibulin-5 or fragments showed that the N-terminal 'half' binds cells more strongly than full-length fibulin-5, but the N-terminal RGD domain (similar to the fragment used in [14] ) only supports low cell adhesion. Thus fibulin-5 fragment size and conformation affects cell interactions.
A recent study has shown that integrin ligation to different ECM molecules can result in actively suppressed integrin activation [39] . The failure of fibulin-5 to induce focal adhesions suggests passive adhesion or suppression of β1 integrin activation. Lack of β1 activation was confirmed using the integrin-activating antibody TS2/16, which 'rescued' SMC spreading, proliferation, migration and RTK (PDGFRs and EGF receptors) signalling. For cells on fibronectin, engagement of α5β1 and the cellsurface heparan sulfate proteoglycan, syndecan-4, stimulates focal adhesion formation [33, 34] . We showed previously that fibulin-5 does not bind heparin [18] , and, as expected, the presence of fibronectin fragments that activate syndecan-4 failed to induce focal adhesions on fibulin-5. Integrin α4β1 does not localize to focal adhesions in most cell types, but often promotes lamellipodia formation and cell migration [40] . Ligation of α4β1 by fibulin-5 may therefore contribute to lamellipodia formation in SMCs.
Recent studies have shed light on how fibulin-5 influences cells. Cultured SMCs from fibulin-5-null mice migrated and proliferated normally, but, after treatment with PDGF-BB, showed enhanced proliferation and migration compared with wild-type SMCs [21] . However, skin fibroblasts from the wildtype and fibulin-5-null mice showed no significant differences in proliferative or migratory responses to EGF [15] . Our results show that SMCs on fibulin-5 have undetectable PDGFR signalling, and low EGF receptor signalling compared with cells on fibronectin, owing to lack of β1 activation. The present study thus shows that activated β1 integrin is a critical regulator of PDGFR and EGF receptor signalling. It is also likely that, in vascular sites with elevated fibulin-5/fibronectin levels, fibulin-5 will block fibronectin-mediated spreading, migration and proliferation.
The present study demonstrates how fibulin-5 can regulate SMC behaviour, both directly and by modulating the effects of fibronectin. Fibulin-5 interactions with SMCs may also be critical for ordered elastic fibre formation.
Figure 8 Effects of fibulin-5 on SMC phosphorylation of PDGFRs
(A) A human phospho-RTK array was used to examine SMC receptor signalling when plated on 500 nM full-length fibulin-5 (F5) in the presence or absence of the β1 integrin-activating mAb TS2/16, or on fibronectin (FN), or on tissue culture plastic (TCP). Cells on fibulin-5 showed no detectable PDGFR signalling, and only traces of EGF receptor (EGF R) signalling. However, cells on fibulin-5 in the presence of TS2/16, or on fibronectin, showed increased signalling, especially by PDGFRα and EGF receptor. (PDGF-AA and PDGF-BB both signal through PDGFRα.) (B) Normalized relative quantification of signalling by PDGFRs and EGF receptor (EGF R) from RTK assays. The mean pixel densities of duplicate RTK spots were normalized against duplicate phosphotyrosine-positive control spots.
